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Abstract:
We demonstrate optomechanical quantum control of a nitrogen vacancy (NV) in the resolved-sideband regime by coupling the NV to both optical fields and surface acoustic waves and by using strong excited-state electron-phonon coupling for NVs.
OCIS codes: (270.0270) Quantum optics; (270.5585) Quantum information and processing Optomechanical interactions of a trapped ion can enable quantum control of both the internal atomic states and the center-of-mass motion of an atom, providing a unique paradigm for quantum information processing [1] . The success of the trapped ion system has stimulated strong interest in pursuing optomechanical quantum control of artificial atoms such as quantum dots (QDs) and diamond nitrogen vacancies (NVs) [2, 3] .
In this paper, we report experimental demonstration of optomechanical quantum control of the internal states of a NV center in the resolved-sideband regime by coupling the NV to both optical fields and surface acoustic waves (SAWs). Optomechanically-driven Rabi oscillations and quantum interferences between optomechanical and direct optical processes have been realized. These studies open the door to realizing a solid-state analog of trapped ions and to building phonon-based quantum network by incorporating NVs into micro-electromechanical systems.
Electromagnetic waves have traditionally been the primary experimental tool for manipulating and controlling a quantum system and for transmitting quantum information. Acoustic or mechanical waves can serve as a possible alternative to electromagnetic waves for both quantum control and on-chip quantum communication. The most successful exploitation of mechanical waves or vibrations for quantum control, however, combines both optical and mechanical interactions through phonon-assisted optical transitions or sideband transitions, as demonstrated in trapped ion systems. These optomechanical processes, which take place in the resolved-sideband regime, in which the mechanical frequency, Z m , exceeds the damping rate for the relevant optical transition, can control both the internal atomic state and the center-of-mass motion of an atom. Combining these two aspects of the optomechanical quantum control can enable mechanically-mediated spin entanglement, generation of phonon number states, as well as ground state cooling. The optomechanical quantum control demonstrated here realizes one of the two essential aspects of the optomechanical quantum control, and also paves the way for achieving the other. For the optomechanical quantum control of a NV center, we drive the NV center using both a laser field and a SAW generated by an interdigitated transducer (IDT) (see Fig. 1a ). For the generation of SAW, the IDT was fabricated on a thin ZnO layer sputtered on the diamond surface, since diamond is not piezoelectric. The NV energy level diagram used for the sideband transitions is shown in Figure 1b . Figure 1c shows the excitation spectrum of the NV, for which the frequency of the laser beam is tuned across the NV resonance. The two sidebands in Fig. 1c correspond to optical excitations via the respective sideband transitions.
Excitations from the m s =0 to E y states can take place through a sideband transition and also through the direct optical transition (see Fig. 2a ), which can lead to quantum interference between these two pathways. As shown in Fig. 2b , NV florescence exhibits a sharp resonance when the frequency of the optical field for the direct optical transition equals the sum of the frequencies of the sideband-detuned optical field and the SAW. Under this condition, the NV florescence shows a sinusoidal oscillation, as we vary the relative phase of the SAW, as shown in Fig. 3c . We have demonstrated the optomechanically driven Rabi oscillations of a NV using the red sideband transition (see Fig. 3 ). The Rabi frequency of the sideband transition obtained from these experiments also provides a measurement for the amplitude of the corresponding SAW, A SAW =0.7 pm, in general agreement with the estimated SAW magnitude induced by the IDT. With long spin decoherence time, high fidelity state preparation and readout, as well as exceptionally low mechanical loss for diamond, NVs in diamond provide a highly promising system for realizing a solid-state analog of trapped ions.
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